Abstract: Seeking operative terahertz (THz) devices has always stimulated considerable attention. Of particular interest is the THz beam splitter. Here, a tunable THz polarizing beam splitter (PBS) is proposed based on a graphene-embedded quarter-wave stack with a central defect layer of air. The spectral performance of the structure is investigated by the transfer matrix method. It is found that the electromagnetic waves can be decomposed into two separate polarized waves at incident angles greater than the critical angle. Furthermore, it is shown that a new kind of Brewster angle is found at the low THz frequencies due to the existence of the graphene nano-layers. The appearance of this angle which we call it the graphene induced Brewster angle results in the separation of TM-and TE-polarized waves at the low THz frequencies (f < 2 THz) in addition to the high THz region. It is shown that the working frequency range of PBS can be easily tuned by adjusting the width of the defect layer of air and also by tuning the chemical potential of graphene nano-layers via a gate voltage. The analysis of the proposed PBS is confirmed by the Finite Element Method (FEM) simulations that were performed with the commercial software COMSOL 5.2. Our investigations also reveal that the high transmission extinction ratio (> 200 dB) for TM waves with frequency f < 2 THz is achieved by increasing the chemical potential to 0.5 eV. Moreover, this structure can exhibit extremely high extinction ratio for TE waves with high THz frequencies. Finally, the degree of polarization equals to one is reported for the PBS proposed here. This structure offers the opportunity to realize a high-efficiency PBS with very high extinction ratios at the broadband THz frequency.
Introduction
Since their discovery, photonic crystals (PCs), artificially designed periodic dielectric materials, have become an indispensable technology across the entire field of optical physics because of their ability to control and confine of electromagnetic waves [1] , [2] . Their periodic index modulation leads to the generation of frequency regions known as photonic band gaps (PBGs) in which the propagation of the electromagnetic waves is forbidden [3] . This unique feature of the PCs can lead to many potential applications in photonics, including optical reflectors [4] , [5] , localization of photon [6] , suppression of spontaneous emission [7] , [8] , fabrication of PC waveguides [9] , [10] , etc. Introducing a defect layer into a PC can result in the appearance of a localized defect mode within the PBG, which enhances the applications proposed for PCs [11] - [15] .
On the other hand, each optical element used in communication devices needs at least one optically tunable instrument in modern technology. Tunable optical materials allow for proper variation of their characteristics through certain external parameters. So, it is highly appropriate to use the materials with externally controllable optical parameters in the layered structures. In recent years, graphene, a single two dimensional plane of carbon atoms arranged in a honeycomb lattice, has attracted tremendous attraction due to its impressive physical properties, including high mobility of carriers, flexibility, gate-controllable Fermi level, and extraordinary electrical properties [16] - [18] . The electronic and optical response of the graphene which is described by the frequency-dependent surface conductivity can be effectively tuned by controlling the Fermi level or the chemical potential via an electric field. Besides, the dissipative loss of the graphene is dramatically small in comparison with usual metals at the frequency ranges of THz and far-IR [19] - [21] . Due to these superior characteristics, graphene has become a most promising candidate for tunable photonic components and has opened several venues of basic science exploration [22] - [24] . So, people have been motivated to study the one dimensional (1D) multilayer structures containing graphene nano-layers. It has been shown that embedding graphene nano-layers between adjacent dielectric layers of a periodic structure, enables tailoring photonic band gaps of the structure [25] - [32] .
Recently, considerable attention has been directed to the study of the PCs application as a polarizing beam splitter (PBS) due to their importance in the fields of optical communication systems, optical information processing, optical reading, fiber-optic sensors, and electro-optic detectors [33] - [40] . PBSs are used to separate two orthogonal linear polarization states (transverse electric (TE) and transverse magnetic (TM) polarizations) of light into different directions. Frequency band, reflectance or transmittance of orthogonal polarization, extinction ratio and degree of polarization are the main characteristics of PBSs. In the optical realm, a conventional PBS could be fabricated by many methods, such as multimode interference structures, grating structures, multilayer films, and metamaterials [41] - [46] . But the performance of the PBSs realized by such structures is hampered by the large sizes, scarce natural birefringent crystals, high prices and complex techniques of fabrication and existence of high metallic losses and lack of tunability properties. Tunability and the switching properties of PBS are essential features in order to extend their applications in many fields such as optical instruments, laser technology, photoelectronic display, and optical memory.
Recently, the authors proposed a defective 1D PC containing graphene nano-layers which could be used as a tunable narrowband THz filter [26] . In the mentioned paper, some interesting peculiarities of the defect modes are investigated and it is shown that the structure can support a defect mode at the graphene induced PBG for wide defect layers. In their recent works, they reported omnidirectional broadband THz filter based on a one-dimensional Thue-Morse quasiperiodic structure containing graphene nano-layers. Also, they showed that the mentioned structure can act as a polarizing beam splitter [28] . So, it is expected to gain novel results in the defective PCs containing graphene nano-layers if the input beam is incident from an optically dense medium onto the structure, unlike the previous reports.
Therefore, in the present paper, we theoretically investigate the optical properties of a graphenebased defective 1D-PC in which Si and Si O 2 are used as the high index and low index dielectric alternating layers and graphene nano-layers are embedded between adjacent dielectric layers. Investigation of the propagation of photons in this structure reveals that the presented multilayer structure may be utilized in designing PBS over a broadband THz frequency. The results indicate high extinction ratio and degree of polarization for both TM and TE-polarized wave within wide frequency and wide angle range. The paper is organized as follows: in Section 2, we present the model and the physical theory to investigate the transmission spectra of the structure using well-known transfer matrix method. Additionally, the calculated performance of the PBS will be described. In Section 3, the general calculated results and the analysis of them are presented. We summarize the finding results in Section 4. Here, we assumed that the layered structure is surrounded by the dense medium H with the refractive index n H . It is known that the optical properties of the graphene nano-layer is mainly described by its refractive index
Theoretical Model
is the vacuum wave vector, η 0 is the impedance of air, and σ G is the frequency-dependent surface conductivity of graphene nano-layer which can be calculated according to the Kubo formula [47] including the intraband and interband transition contributions as σ G (ω) = σ i ntra
where, e is the charge of the electron, is the reduced Planck's constant, T is the temperature in Kelvin, k B is the Boltzmann constant and μ c is the chemical potential which is determined by the carrier density and can be controlled either by chemical doping or by the application of a gate voltage. According to these expressions, the intraband contribution which is due to scattering processes from phonons, electrons, and impurities is important at relatively low frequencies. While the interband contribution which is due to electron-hole recombination is neglectable when ω is much smaller than the chosen chemical potential [48] , [49] . We assume that the plane wave is injected from the dense medium H into the structure at an incident angle θ with respect to the Z direction. Suppose the transverse electric wave (TE), e.g., the electric field E is in the y-direction, the dielectric layers are parallel to the x-y plane and the z-direction is normal to the interface of each layer. To analyze the transmittance spectra of the structure, we use the transfer matrix method. Generally, the electric and magnetic fields at any two positions z and z + z in the same layer can be related using the transfer matrix method as [50] , [51] :
where,
Here, k for TM wave, where ε 0 and μ 0 are the permittivity and the permeability of the vacuum, respectively. Then, the transmission of the structure can be expressed as
where 
) for TE (TM) waves.
Results
Let us now present our numerical results to illustrate the effect of graphene nano-layers and defect layer of air on the performance of the polarizing beam splitter which is constructed by the graphene-based 1D defective PC with the structure
Our calculations are limited only to the frequency range of 0 to 10 THz due to the low loss of the graphene nano-layers in this interval. Besides, the dispersion of the usual dielectric materials is not noticeable in this region [52] . Throughout this work, the PC layers A and B are chosen to be Si O 2 and Si with the refractive indices n A = 1.45, n B = 3.48, respectively, and also n H = 3.48. The thicknesses of two dielectric layers are considered to be
, where λ 0 is the wavelength corresponding to the center frequency of 5 THz. The period number of the structure is taken to be N = 4, so the total number of layers is 9, including the defect layer of air. Also, the optical and geometrical parameters of the graphene nano-layers and defect layer are taken as:
The Finite Element Method (FEM) simulations were performed with a 2D model using commercial software COMSOL 5.2. The parameters are exactly the same as mentioned above. Floquet periodic boundary conditions were used to perform the infinity layers under tilted incident light. Port boundary conditions were used to excite the structure. Non-uniform meshes were used to finely format the layers and reduce the total freedom number. • , and 40
• , respectively. Here, the width of the air defect layer is considered to be d D = 0. The figure shows that the structure contains two band gaps at the desired frequency range at the normal incidence case (see Figs. 2(a) ). The first gap (around 1 THz) is a GIPBG [26] which is created due to the joint contribution of graphene conductance and Bragg scatterings of the dielectric stack and the second gap (around 5 THz) is a conventional Bragg gap. As one can see the position and width of the band gaps are substantially modified by increasing the incident angle θ. This feature is more pronounced in the Bragg gap compared to the GIPBG. Figs. 2(a)-(d) reveal that by increasing the incident angle θ, the structure shows a wider GIPBG and also wide Bragg gap with some resonant transmission lines for TE-polarized wave, whereas, in the case of the TM-polarized wave, the GIPBG becomes narrower and it is finally replaced by some resonant transmission peaks, which is confirmed by FEM numerical simulations (Figs. 3 and supporting information). Based on this behavior, some of the resonant frequencies are transmitted for one of the polarizations, while for the other polarization the transmittance of the structure reaches nearly to zero at incident angles greater than the critical angle. The different behaviors of TM-and TE-polarized waves allow us to utilize this device as a polarizing beam splitter at the broadband interval of THz frequencies.
One can determine that the electric field in the layers Si O 2 at θ > 24.6
• and also at θ > 16.7
• in the air defect layer for our selected parameters is caused by the Bragg reflection. So, the appeared resonant transmission lines at incident angles greater than the critical angle (see Figs. 2(c)-(d) ) are due to the interaction of the Bragg reflection in the low index and the high index layers.
To further investigate the GIPBG and other effects, the electric near field distributions and surface currents were simulated with FEM as shown in Fig. 3 . Several typical frequencies at the band gaps and transmission peaks are chosen to show the difference. The first one shown in part (i) of Fig. 3(b) is the GIPBG. As one can see that when there is no graphene layers, there is strong transmission corresponding to the Fabry-Perot (FP) condition. However, when the graphene layers existing between the interfaces, induced surface currents appear on graphene layers, which changes the periodic conditions of the photonic crystal and there is new band gap so called GIPBG. From Fig. 3(b) , part (ii) we can see that the band gap between 4 THz and 6.5 THz is just blue shifted because of the graphene surface current. Because the band gap exists without graphene layers, so people don't call it GIPBG even if there is graphene effect. Fig. 3(b) (iii) shows that without graphene, there is transmission maximum at 3.1716 THz, which is the FP effect and shows symmetric electric field distribution with the defect layer as well as other transmission peaks. When the graphene layers are added, the induced surface current causes a FP minimum transmission condition. Opposite condition happens at 3.4744 THz shown as Fig. 3(b) , part (iv). The FEM simulated polarization-dependent transmissions under different incident angles for TE and TM polarized waves corresponding to Fig. 2 show quite well agreement with the theoretical model (Fig. S1) . Furthermore, the electric field distributions and the surface current at the graphene boundaries show very similar behavior to the illustration above. When there is a transmission peak, the electric field will spread in the whole structure with the periodic medium distributions.
To further clarify the angular dependence of the designed PBS, the transmission and reflection spectra of the structure H (A G B G ) N (G B G A ) N H are plotted as functions of incident angle and frequency for TM-(right panel) and TE-(left panel) polarized waves in Figs. 4(a)-(b) , respectively. In Fig. 4(a) , white (black) color represents a transmission coefficient equal to 1 (0) corresponding to the colour legend band next to the figure. As it is obvious from the figure, the results are in a good agreement with the formerly mentioned ones, and other useful information can be obtained from them; GIPBG which is induced in the low-frequency region (0-1.5 THz) due to the presence of the graphene nano-layers between the dielectric layers disappears for incident angles greater than 30 degree for TM-polarized wave, in other words, there is a range of incident angle for which the transmission of the structure is almost zero for TE-polarized waves at the frequency region 0-1.5 THz while TM-polarized waves are transmitted completely at the same frequency region. Notice that the constituent layers of the 1D PC are lossless and the graphene nano-layers absorption is negligible in this domain. Moreover, Fig. 4(b) certifies that the TE-polarized waves at the mentioned frequency region will be reflected completely. Here, the white (black) color stands for a reflection coefficient equal to 1 (0). Since this behavior is appeared because of the existence of the graphene nano-layers in the structure, we can call this angle (θ ∼ = 30
• ) as a graphene induced Brewster angle at low THz frequencies. The results imply that if a mixed-polarized wave with a frequency between 0 and 1.5 THz is incident from the optically dense medium into the structure at an angle greater than induced Brewster angle, TE and TM waves can be split.
In order to identify how the function of PBS is affected by the graphene nano-layers, we plotted the transmission spectra of the structure in the absence of graphene nano-layers (i.e.,H (A B ) N (B A ) N H ) for TM-(right panel) and TE-(left panel) polarized waves at the plane of (f, θ) in Fig. 5 . As one can see from Fig. 5 , the GIPBG is disappeared for both TE and TM cases. Comparing these results with Fig. 4(a) reveals that in the existence of graphene nano-layers, the proposed structure can act as a polarizing beam splitter not only at high THz domain but also at the low THz frequencies (0-1.5 THz) for incident angle greater than induced Brewster angle. Therefore, this periodic structure offers the opportunity to achieve a polarizing beam splitter to separate TM-and TE-polarized modes at the low THz frequencies in addition to the high THz frequencies. This different behavior of the structure at low THz frequencies can be explained from the fact that the presence of the graphene nano-layers modifies the interference conditions which can affect the behavior of the bandgaps.
As we know, the optical characteristics of graphene nano-layer which is dependent on its surface conductivity can be varied by tuning the chemical potential. Therefore, the optical response of the structure and also the effective frequency domain of PBS can be tuned by the controlling parameter such as chemical potential μ c via an external gate voltage. In the experimental realization, this voltage can be provided by electrodes which are THz-transparent dc conductors, such as thindoped InSb films [53] , [54] .
Hence, we are interested in checking how the PBS behaves when changing the chemical potential. To show this, the transmission spectra of the structure H (A G B G ) N (G B G A ) N H are plotted in Figs. 6(a)-(b) for TM-(right panel) and TE-(left panel) polarized waves at the incident angles 30
• and 40
• respectively, in the plane of (μ c , f ). The figures reveal that the frequency of the resonant transmission peaks and operating frequency interval of PBS can be effectively tuned in wide limits by adjusting the chemical potential via an external gate voltage. So, one may conclude that the mentioned structure would have optimum potential applications in designing PBS for incident angles greater than induced Brewster angle. In the next stage, we would like to investigate how the working frequency range of the PBS can be tuned simply by adjusting the width of the air defect layer. To show this, we examine the case of
) for TM-(right panel) and TE-(left panel) polarized waves at the incident angles 30
• , respectively. As Fig. 7 reveals that we can adjust the operating frequency domain of PBS by tuning of the thickness of the defect layer of air at the given incident angle.
Next, we will focus on the important performance parameter of the PBS, transmission extinction ratio (E R T ), which can be defined as
Here, T TM and T TE denotes the transmission coefficients for the TM-and TE-polarized waves, respectively. Based on Equation (5), the extinction ratio is sensitive to slight decrease in T TE . Thus T TE should be very low to obtain high transmission extinction ratio for TM-polarized wave. In Figs. 8(a)-(b) the transmission intensity T TM of the PBS for the TM-polarized wave and also calculated E R T are shown versus the frequency at the incident angle 40
• (a) in the presence and (b) in the absence of graphene nano-layers. All the other parameters are kept constant. It is evident from Fig. 8(a) that the E R T reaches above 130 dB in the frequency range from 0 to 1.5 THz. High values of E R T at f < 1.5 THz clarify that when the mixed TE/TM polarized wave is injected from the dense medium to the structure, the TM-polarized wave transmits through the structure, while the transmission of TE-polarized wave is nearly zero. Moreover, high negative values for E R T at high THz frequencies declare that the structure is completely transparent for TE-polarized waves and acts as an almost perfect reflective mirror for TM-polarized waves at the wide range of THz frequency. Therefore near-ideal broadband polarizer is possible at the THz region. Since the graphene nano-layers have a leading role at the relatively low frequencies, it may be anticipated that the exist of graphene nano-layers in the structure can affect the E R T around the low THz frequencies. As it is clear from Fig. 8(b) E R T of the structure without graphene nano-layers keeps almost zero at the range of low frequencies. Comparing the results of Fig. 8(a) with Fig. 8(b) reveals that the transmittance of the TM-polarized wave and hence the E R T is dramatically improved at the low THz frequencies, in the presence of graphene nano-layers. Therefore, excellent performance is concluded when graphene nano-layers are considered between dielectric layers of the PC.
As mentioned before, the surface conductivity of graphene nano-layer depends on its chemical potential. Therefore, changing the chemical potential of the graphene nano-layer via an external gate voltage may render the possibility of controlling the transmission spectrum, and then offer tunability of E R T . To show this, the transmission extinction ratio of the structure H (A G B G ) N (G B G A ) N H is plotted as a function of frequency in Fig. 9 for three different values of μ c = 0.2, 0.35 eV and 0.5 eV at the incident angle 40
• . The figure clearly indicates that E R T is considerably increased by increasing the chemical potential of the graphene nano-layers at the low THz frequencies. It is obvious that the extinction ratio exceeds 200 dB at the frequency range of 0-2 THz when the chemical potential is 0.5 eV. However, E R T slightly depends on the chemical potential variation at the high THz region. It is interesting to notice from Fig. 9 that we can adjust the transmission extinction ratio of the structure and also the frequency of resonant transmission peaks by tuning the chemical potential via an external electric field. Hence, one may conclude that the suggested structure can operate as an efficient tunable PBS at THz frequency domain.
As we know, one of the key parameters which may affect the optical response of the 1D defective layered structures is the width of the defect layer. So, we would like to analyze how E R T behaves when changing the width of the defect layer. To show this, the tuning trend of E R T versus the frequency is plotted in Fig. 10 , for different values of the width of the air defect layer (d D ) at the incident angle 40
• and the chemical potential 0.2 eV. The figure clearly indicates that the E R T changes minimally with the thickness of the air defect layer at the low THz frequencies. However, the absolute value of E R T experiences a considerable increase by increasing the defect layer width at the high THz region. Also, it is observed that the extinction ratio can reach the highest value, which is 499 dB, when the frequency is 5.88 THz and d D = 2d B . From an optical engineering viewpoint, it is useful to implement some tools to tune the key features of PBS. Thus, by comparing Fig. 9 with Fig. 10 one may conclude the following tuning properties for the presented graphene-based PBS:
i)The E R T parameter of PBS exhibits a conspicuous tuning trend with chemical potential of graphene nano-layer at the low THz region. This result is in agreement with the previous result of Fig. 8 that represents the graphene nano-layer has an operative effect on the optical response of the structure at low THz frequencies. Also, it is needed to increase the chemical potential of graphene nano-layers to reach the highest value of E R T in order to optimally design of graphene-based PBS.
ii)The notable increase of E R T parameter at high THz region can be obtained by increasing the width of air defect layer. Moreover, the working frequency of the PBS may be tuned easily by adjusting the width of the air defect layer.
For the sake of completeness, let us briefly discuss the other essential feature of PBS, i.e. efficiency of PBS. The efficiency of PBS is characterized by its degree of polarization, P, which is defined by [55] , [56] . where T TM and T TE are spectral transmittance for TM-and TE-polarized waves, respectively. For an ideal PBS, P equals to 1, according to Eq. (6). Fig. 11 shows the degree of polarization of our PBS as a function of frequency at various incident angles. Here, μ c = 0.2 eV, d D = 0. It is easily seen that P = 1 is achieved for f < 1.5 THz and 2.45 < f < 9.2 THz at the incident angle 40
• . It is apparent that the frequency range in which the degree of polarization equals to 1 is broadened by increasing the incident angle. Then, the graphene-based PBS proposed here has almost 100% efficiency at the wide range of THz frequency f < 1.5 THz and also 2.45 < f < 10 THz as indicated in Fig. 11 . Our findings indicate that the proposed PBS can split TM-and TE-polarized waves into different propagation directions with very high efficiency over broadband THz frequencies. It's worth noting that, the proposed structure in Ref. [28] also could be used as a PBS. But the application of that structure as a PBS had only been shown at specific incident angles. Here, the structure has changed to a defective PC with a tunable air defect layer in which the extra essential parameters of PBS such as the polarization degree and the transmission extinction ratio have been reported. It is shown that the extinction ratio can reach the highest value of 499 dB and the degree of polarization equals to 1 at the wide range of THz frequency.
Conclusions
In summary, a novel design of a THz PBS based on a defective 1D PC containing graphene nano-layers is theoretically proposed. From the numerical results performed by the transfer matrix method, it is found that this periodic structure can act as a PBS at the low THz frequencies in addition to the high THz frequencies. The main characteristics of the proposed PBS such as the working frequency range, the extinction ratio and the degree of polarization can be finely tuned by adjusting two external controlling parameters: the width of the air defect layer and the chemical potential of the graphene nano-layers. Also, the simulations performed with the commercial software COMSOL 5.2. confirmed the obtained results. The transmitted extinction ratio can exceed 200 dB in the frequency range 0-2 THz for the TM-polarized wave if the incident angle is greater than the induced Brewster angle. Whereas the transmitted extinction ratio for the TE-polarized wave is very high at frequency region f > 2 THz. Finally, the high polarization efficiency can be obtained by optimization of the designed structure. A unique aspect of our work is the application of a continuously tunable THz frequency domain PBS with high E R T and also the high degree of polarization.
